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ABSTRACT

The phase stability ofC-22 alloy (UNS #N06022) wastudied by aging samples 593,
649, 704and 760C for 2000 h (2.7mo) and16,000 h (1.8 yr). The tensile properties and the
Charpy impact toughness of these samples were measured in the mill annealed condition as well as
after aging. The microstructures of samples aged 16,000 hours were examined using scanning and
transmission electron microscopy (SEM and TEM). Preliminary TEM results sulgggstphase
forms atall temperatures investigateDiscrete carbide particles in addition to a fimith very
uniform thickness which appears to pgphase formed on grain boundariegha sample aged at
593C. The ordered NCr, Mo) phase was also seen in this sample. th&t higher aging
temperaturesmainly p phase forms coveringll the grain boundaries and also distributed
throughout the bulk. Although strength increased somewhat with aging, the ductility decreased due
to the formation of these grain boundary precipitates and brittle intermetallics.

INTRODUCTION

Nickel-base alloys containing high concentrations of chron{@m and molybdenum (Mo)
are being considered asssiblematerialsfor fabrication of high-level radioactivwaste disposal
containers which will be required to contain the waste for at least 10,000 years. Heat generated by
radioactive decay of the waste is expected to initially raise the temperaturedddptbgalcontainer
to as high as 20€. The temperature will then graduatlyop over a period aseveral thousand
years. Although these temperatures are generally considéoed for most engineering
applications,the times involved areery long. Consequentlypne area of concern iphase
stability of thedisposalcontainer materials since the precipitation of deletenpiases over such
long times can affect the corrosion resistance and/om#ahanicaproperties of an alloy Aging
studies such as the one presented in this paper will be udetetminewhich phasesnight form
in candidate materials and the kinetics of transformatiothabpredictions may benade as to
which phases will form under repository conditions.

Several phases are known to form in Ni-Cr-Mo alloys.thentemperature rangesed in this

study, primarilyu phase (a Mo-rich, rhombohedral phase with lattice parameters a = 9.04cA and

= 30.5[1)) is reported2-6]. Becauseu is Mo rich, there is evidence that Mo-depletednes
aroundu phase particles wilead to localizeccorrosionattack[2-4,6]. At temperatures below
approximately 60TC, an ordered N{Cr,Mo) phase also formig,6,7]. This phase has a,Ro

type structure and is evidenced by superlattice reflections at the2208> or1/3 <420> positions

in the Ni-rich matrix electron diffraction patter[&. This ordered phase hagen suspected of
increasing the susceptibility &fi-Cr-Mo alloys to hydrogerembrittlementand stress corrosion
cracking [4]. Two other intermetallics have been seen in Ni-Cr-Mo alloys similar to C-22: P phase

(orthorhombic witha=16.983, b=4.752ind c=9.07 A [1]) and o (tetragonal witha=8.80 and
c=4.54 A [1]). Leonard [2] found that a uniform film of P phase formed at grain boundaries in the
early stages of aginglloy C-276 (Ni-16% Cr-16%vi0-4% W-5%Fe, low Cand Si), and this
phase later transformedyio At higher temperatures, a more particulate film (composed of discrete
particles) formed on grain boundari€&gma and P have not been see4B2 except in the as-
welded condition [9].

Mechanicaland corrosion propertiggave been measured in similar alloys as a function of
aging time. Matthews [10] aged several Ni-Cr-Mo alloys at temperatures be&ad@emd 87TC
for times up to 8000 h. He fourdatalloys S (Ni-16% Cr-15%Mo0) andC-4 (Ni-16% Cr-16%



Mo), both with low C, WandFe, showedncreased strength after aging at temperataresind

59(°C. The room temperature tensile elongation in both casesined abov&0% ofthe unaged

value even in the strongest samples. Formatidheobrdered N{Cr,Mo) phase was responsible

for the increase irstrength and hathe greatest effect on thelongation. It was onlyseen,
however, at the lower aging temperatures (540 antGB0alloy S and C-4 and at 68Din C-4).

A decrease in Charpynpacttoughness was also seentiese samples where ordering was
observed,but u phase which formed in C-4 at 78 was much more detrimental tonpact
toughness. At 87C, p phase was also seen @4, but it formed in larger more uniformly
distributed particles which did not redutte ductility of thealloy. A similar effect ofyu phase
precipitation on properties was reported by Tawancy [5], but he did net gkase iralloy C-4.

The reported alloyC-4 compositions[5,10] weraearly identical excedior 1% more Cr in the

alloy that did not fornu phase [5]. An increase in strength accompanied by a moderate decrease in
tensile elongation with the formation of {€r,Mo) has also been reported in alloygNG-15.5%
Cr-16% Mo-4% W-6%Fe, higher C and Si) and C-278]. In 1998,Rebak etl. [7] reported

that C-22, C-4 and C-276 aged at ZR27or times up to 40,000 h showedgligible strengthening

but some reduction in the ductility measured in a uniaxial tension test. This decreased ductility was
attributed to the early stages of,(dir,Mo) precipitation.

EXPERIMENTAL

Two heats ofC-22 alloy (Heat #1:0.29Al, 0.003C, 1.74Co, 21.10Cr, 4.7FR&2010Mg,
0.21Mn, 13.50Mo, 0.02N, 55.67Ni, 0.023Si, 0.12ahd 2.90W; Heat #2:0.25Al, 0.002C,
1.56Co, 21.60Cr, 4.3Fe, 0.017Mg, 0.24Mn, 13.50Mo, 0.04N, 0.05Nb, 55.3BNQ6P,
0.003S, 0.037Si, 0.15\nd3.00W, all in wt.%) in the form of 1/2” thick platewere aged for
2000 and 16,000 h at 593, 649, 7 760C. The agingvas done in airand the temperature
was maintained to withint6°C. Specimens in the mill-annealed as well as in the aged condition
were tested in tension at roaiemperature according t&STM Specification E8using standard
round bar specimens with 0.25-inch diameter in the gaggon. The strainwas measured using
an extensometer over 1 inch tife gagesection. Charpyimpact testing was done aroom
temperature according #8STM Specification E23using full-size standard V-notclspecimens.
Samples were prepared for metallographic examination using standard polishing techniques and an
electrochemical etch in a solution of 5 g oxalic acid in 95 cc of 37% HCI solution db6ovily a
few seconds. Samples forTEM were mechanically thinned td75-200 um followed by jet
polishing in a 5% perchloric - acetic agdlution at room temperature and 40 - 60 Additional
samples without preferential etching of second phases were prepared by dimpling and ion milling.
The foils wereexamined in a JEOUEM-200CXTEM operated aR00 kV. Only samples from
heat #1 aged for 16,000 h were examined.

RESULTS

Theresults ofmechanical testing agiven inTable I. All values represent thresults of at
leasttwo tests. The yieldstrength is plotted ifrigure 1 aghe ratio of thestrength ofthe aged
specimen to that of thenagedmill annealecspecimen. In most cases some strengthening has
occurred. The samples aged 803 and 64%9C, showlittle change in strength after 2000 h
exposure put some strengthening occurs at 704 andC60After 16,000 h,strengthening has
occurred at all temperatures with the greatest increase occurring@t 704

As shown in Figures 2 and 3, this strengtheningdeasrred at the expense of the ductility.
Aging at 593C for 2000 h does ndtffect either the elongation or tiharpyimpacttoughness,
but both decrease rapidly e aging temperature iacreased. The sample aged at 593 for
16,000 hretained abou?0% of its elongation, buhe Charpyimpacttoughness dropped to less
than20% ofthe valuefor mill annealedsamples. Atigher aging temperaturethe elongation
drops rapidly, and the Charpy impact toughness drops to very low values.

Table |
Mechanical Properties of Aged C-22 Alloy



Temp. Time uTsS 0.2% Charpy
Heat # °C) (hours) (MPa) Yield % Elong. %RA | V-Notch
. (MPa) _ 3 |
1 As- 0 767.4 339.9 66.2 76.1 357
annealed 768.8 353.7 66.6 78.4 357
2 As- 0 756.4 342.0 70.0 77.0 357
annealed 752.9 341.3 70.0 77.8 357
1 593 2000 765.3 334.4 67.6 77.9 357 |
16000 806.0 380.6 55.4 50.7 72
2 593 2000 765.3 360.6 68.3 72.3 357
16000 930.8 484.7 39.0 31.1 37
1 649 2000 710.2 323.4 62.2 58.3 236
16000 906.7 482.6 25.5 22.2 26
2 649 2000 755.0 352.3 61.6 51.0 134
16000 808.8 464.0 18.1 17.4 18
1 704 2000 835.7 391.6 39.6 30.9 30
16000 967.4 634.3 4.9 5.4 3
2 704 2000 771.6 377.8 35.0 - 22
16000 875.7 577.8 3.1 1.3 3
1 760 2000 914.2 466.1 14.4 10.3 9
16000 911.5 533.0 4.7 5.7 3
2 760 2000 828.8 446.8 12.4 10.5 7
16000 803.3 535.7 3.6 1.5 3
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Figure 1. The effect of aging temperature on the yield strength of C-22 alloy.
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Figure 2. The effect of aging temperature on the total elongation (in 1 inch) of C-22 alloy.
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Figure 3. The effect of aging temperature on the Charpy impact toughness of C-22 alloy.

In the mill annealedcondition, C-22 is dace-centered cubic (fceplid solution with dew,
primarily M,C, carbides distributed throughout the fcc matrix. Figusda@wsSEM micrographs
of the samplefrom heat #1 agefbr 16,000 h. Inhe sample aged at 593 precipitation has
occurred at most of the grain boundaries. The interitheofrains, however, igearly as free of
precipitation aghose ofmill annealedsamples. Irthe sample aged at 649, more precipitation



has occurred, but it isoncentrated near graltoundaries. Somgrain boundaries have a very
uniform film and others are covered with discrete particles. At 704 arftC7@fore precipitation
occurs within the grains as well as on the grain boundaries.

The results off[EM characterization are stifireliminary, but sample micrographse shown
in Figures 5 and 6. At 593, thethin, uniformgrain boundanfilm which forms (Figure 5a) is
highly faulted. The phase growing out from the boundary hagebdteendentified. At least in
some areas, the more particulate grain boundary precipitates (Figure 5b) are carbides as determined
by selected area electraiffraction. Due to the similarity in thestructures of MC, M,,C and
M..C., however,the type of carbide thdbrms wasnot determined. The mottled appearance
within the grains of Figures 5a and b is due tg(Gl, Mo) precipitationwhich wasidentified by
its characteristic superlattice reflections at 1/3 <220> positions.

In the sample aged at 780 most of the particles formed afte$,000 harepy phase. These
are the dark particles in Figure 6 (right). The larger, light grain boundary phase in this figure was
not as abundant asand has not been conclusively identified. Seveledtron diffraction patterns
could be indexed self consistently for a tetragonal structure lafttve parameters which gave the
bestfit were a=8.7 andc=5.9 A." This structure is very close to sigrphase,but the lattice
parameters are somewhat different. Qualitative Energy Dispersive Spectroscopy (EDS) showed no
C or N, and thdattice parameters do nahatch the tetragonatitrides that mightform in this
material. Electron Energy Loss Spectroscopy (EELS) is generally better at detectimfphgrits
and is currently planned to determine whether or not this phase is a nitride or a carbonitride.

Initial TEM analyses on samples aged4f and 704C (Figure 6) suggedhat the sample
aged at 64%C is similar to that aged at 5¥3 with more precipitatiormainly near the grain
boundaries, anthe sample aged at 7@l appears to be similar tbat aged at 76C. The long
thin grain boundary precipitate inFigure 6 (left)yhas notyet beenidentified. The smaller
precipitates are highly faulted and are most likepghase since internal twinning is characteristic of

H [5,6].
DISCUSSION

The microstructures resulting from aging are consistent with what was seen by L@pmard
C-276. At lowertemperatures, a uniforfilm forms along the grairboundaries while at higher
temperatures, the grain boundary film consists of discrete particles. This observation together with
the internal faulting of the graimoundaryfilm suggesthat theuniform film formed by aging at
593 C is|.




Figure 4. SEM micrographs of C-22ged16,000 h at a) 59€, b) 649C, c) 704C
and d) 760C. The micrograph in (c) was taken near the fracture surface of a
Charpy impact specimerand shows asecondary crack alonthe grain
hese samples.

Figure 5. TEM micrographs of C-22ged16,000 h at 59%. In somecases, (a), a
thin, uniform grain boundaryfilm forms, and in others, (b),the grain
boundaryfilm consists ofdiscrete particles.Also, seen in(a), anas-yet
unidentified phase is growing out of the grain boundaries.




Figure 6. TEM micrographs of C-22 aged 16,000 h atC@#eft) and 760C (right).

The amount of strengtheningas highest wherthe samplewas aged at 704C. This
temperature is higher than the temperature at whietpeak strengtheningas seen byatthews
(about 590C) [10]. The strengthening is thus most likely due to the formation of the rathegun hard
phase rather than the ordered(r,Mo) phase as wabe casdor alloy S and alloyC-4 studied
by Matthews. This is consistent withe results of Rebak etl. [7] who found verylittle
strengthening with the ordering reaction in C-22.

The ductility of C-22 was drastically affected by the precipitation iofthis study as it was in
similar alloys [6,10]. Itis difficult to say how much of the embrittlement is due to the formation of
p andhow much is due to N{Cr,Mo) since both will reduce ductility, and bo#ine most likely
present even at aging temperatures as low a¥C598 all casesthe grainboundariesare almost
completely covered by or some other nonmetallic phase. This grain boundary decoration is most
likely responsible fothe low Charpyimpactvalues after agindgor 16,000 h afll temperatures
investigated. The lowest ductility values were seetheahigher aging temperaturegien onlyp
phase was seenThe tensile elongation iess sensitive tgrain boundary precipitation, and the
precipitation of Nj(Cr,Mo) likely plays a greater role in the reduction of the elongation than it does
the Charpy impact toughness at the lower aging temperatures.

CONCLUSIONS

Aging at temperatures betwees®3 and 768C for 2000 and16,000 h resulted in
strengthening of C-22 alloy.The greatest strengthening occurred after agingl16,000 h at
704°C. No evidence of ordering was seen at this temperaturgharsirengthening is believed to
be due to the formation of the hard but brittle intermetglihase. Strengthening of the alloy was
accompanied by a decrease in ductility. Bptland the ordered IICr,Mo) phasehave been
shown to decrease ductility in these alloys. In this case, hovikgegrainboundariesare almost
completely decoratesvith g and, to a lesser extentther nonmetallicphases atall aging
temperatures investigated. This grain boundary precipitation is likely responsible for the decreased
Charpyimpact toughnessafter aging. Precipitation of the ordered NCr,Mo) phaseprobably
plays a greater role ithe reduction of the total elongati®@een in uniaxial tension testing of
samples aged at temperatures below 600650
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